Oxidized bases in DNA can be measured directly by high-performance liquid chromatography (HPLC). 7, 465-469 (1996) 
Introduction
Oxidative damage to DNA, whether between a high consumption of fruit and induced exogenously by radiation or chem-vegetables, or of specific dietary antioxiical agents or endogenously by free radicals dants (vitamin C, carotenoids, vitamin E), released during normal respiration, is gen-and a relatively low incidence of several erally regarded as a significant contributory cancers (1) (2) (3) (4) . Ames (5) proposed that cause of cancer. The evidence for this state-dietary antioxidants in general protect ment arises at several different levels of against cancer by removing reactive oxygen investigation. First, at the level of epidemiol-species before they have a chance to cause ogy, there are many reports of correlations damage to biological molecules.
At the molecular level, the spectrum of oxidation products formed in DNA includes strand breaks, base-less sugars or AP (apurinic/apyrimidinic) sites, and oxidized bases (6) ; within the last group, attention has been focused on 7,8-dihydro-8-oxo-guanine (8-OHgua) as a major product with a clear mutagenic potential. The base-pairing specificity of 8-OHgua is not as strict as that of guanine itself, and in in vitro replication with bacterial and eukaryotic DNA polymerases, there is significant incorporation of adenine opposite guanine in the daughter strand (7) .
In view of its potential importance and the relative ease with which it can be measured, 8-OHgua (or the nucleoside, 7, 8-dihydro-8-oxo-deoxyguanosine ) has come to be commonly regarded as a good marker of oxidative damage (8, 9 ). 8-OHdG can be measured in hydrolyzed DNA from lymphocytes or tissues where it represents the steady state that exists between the input of damage and its repair by cellular processes. An alternative approach is to assay oxidation products excreted in urine on the assumption that these products arise from excision repair occurring in the cells. 8-OHgua and 7,8-dihydro-8-oxo-guanosine are abundant in urine, but they may originate in cellular RNA as well as in DNA, and they may be derived from nucleic acids in the diet (10 ..l with smoking (13, 14) . Therapeutic doses of ionizing radiation led to severalfold increases in 8-OHdG in leukocytes (15) ; however, others have reported no correlation of 8-OHdG in DNA with smoking or with age (16) .
Widely different methods have been used to measure the steady-state concentration of oxidative base damage in DNA. Gas chromatography with mass spectrometric detection (GC-MS) (9) streptomycin at 37°C in a 5% CO2 atmosphere. Oxidative damage was introduced by replacing the medium with phosphate-buffered saline (PBS) containing H202 at the required concentration. After 5 min on ice, the H202 solution was removed, and cells were either processed for SCGE immediately or first incubated at 37'C in medium to allow rejoining of strand breaks.
The standard method of centrifugation over a layer of Ficoll-based separation medium was used to isolate human lymphocytes from finger-prick samples of blood from volunteers (who had given their informed consent). The lymphocytes were X-irradiated on ice after embedding in agarose, but before lysis. Radiation was delivered by a TUR-250 X-ray generator operating at 200 kW and 15 mA without filtration. The dose rate was 1.38 Gy/min.
Single Celi Gel Electrophoresis
The comet assay was based on the method of Singh et al. (21) with several modifications. A layer of 85pl of 1% standard agarose (Gibco BRL, Paisley, Scotland) in PBS was set on a microscope slide and overlaid with 85 pl of 1% low-meltingpoint agarose (Gibco BRL) in PBS in which cells were suspended at 37°C. The cells were lysed by immersing the slides in 2.5 M NaCl, 0.1 M Na2EDTA, 10 mM Tris-HCl, pH 10, 1% Triton X-100 for 1 hr; this treatment leaves residual nuclei, or nucleoids, embedded in the gel. After lysis, slides were washed three times with enzyme buffer [0.1 M KCI, 0.5 mM Na2EDTA, 40 mM N-(2-hydroxyethyl)-piperazine-N'-2-ethanesulfonic acid (HEPES) KOH, 0.2 mg/ml bovine serum albumin, pH 8.0] and treated with FPG or endonuclease III (see below) before placing in an electrophoresis tank in 0.3 M NaOH, 1 mM Na2EDTA for 40 min. Electrophoresis was then carried out at 25 V and approximately 300 mA for 30 min. After staining with 4,6-diamidino-2-phenylindole (DAPI), each slide was viewed by fluorescence microscopy and the degree of damage in the nucleoids was assessed visually. Each of 100 nucleoids, or comets, was assigned a score from 0 to 4, depending on the fraction of DNA pulled out into the tail under the influence of the electric field. The overall score for each slide was therefore between 0 (undamaged) and 400 (maximally damaged). In We have measured the levels of oxidized bases in the DNA of human lymphocytes from two subjects using FPG and also endonuclease III, whose substrate is oxidized pyrimidines. The level of strand breaks measured simply after lysis of agarose-embedded cells is very low (Figure  2) , and incubation for 30 The units used to express damage in Figures 1 and 2 are arbitrary units derived from a visual assessment of the relative intensity of comet tails. A more objective computer-based image analysis has also been employed using Komet 3.0 software. Table 1 shows results from a study of DNA damage in healthy males (smokers and nonsmokers; not significantly different in this study) from 40 to 60 years of age. The mean values are given for strand breaks (present on incubation without enzyme), FPG-sensitive sites, and endonuclease III-sensitive sites, expressed as percent of DNA in the tail and as tail moment (the product of relative tail intensity and length).
In order to relate these units to DNA break frequencies and thus to be able to estimate numbers of oxidized bases, lymphocytes were X-irradiated on ice after embedding in agarose and then lysed and electrophoresed. Figure 3 shows the increase in DNA breakage with X-ray dose as indicated by image analysis using Komet 3.0. As well as indicating the range of sensitivity of the comet assay and its linearity, this figure can be used as a calibration curve because the yield of DNA breaks/ alkali-labile sites per unit dose has been established by other means (25).
7,8-Dihydo-8-oxo-deoxyguanosine Measued by HPLC
We have used a method of DNA isolation that avoids phenol-chloroform, as it has been suggested that these reagents can induce spurious oxidation of DNA or sensitize DNA to future oxidative attack (9, 26) . Figure 4 gives the results of analysis of the 8-OHdG content of lymphocyte DNA from 25 healthy nonsmoking males aged between 40 and 60 years. 8-OHdG is related to unoxidized dG by measuring UV absorbance (for dG) as well as the electrochemical signal (for 8-OHdG). The comet assay was run with or without FPG or endonuclease I l I l digestion before electrophoresis. Comets were analyzed using Komet 3.0, which provides various parameters including the percent of DNA in the tail and the tail moment. Mean values of these parameters from 25 comets per subject were calculated, and the population means derived from these figures are shown here (±SE). DNA break frequencies are estimated using Figure 3 as a calibration curve.
COWLNS ET AL. A potential problem with the use of enzymes is that they may not detect all the potential substrate. In the case of the comet assay, we optimized the reaction conditions for FPG (31) . Confirmation that the enzyme is working effectively comes from the experiment in Figure 1 . It can be seen that, at different doses of H202, the yield of FPG-sensitive sites ( Figure IB) is similar to the yield of strand breaks ( Figure 1A) ; this is in accord with the work of Czene and Harms-Ringdahl (19) and Epe and Hegler (18) discussed above and also with direct analysis of the spectrum of lesions in DNA after oxidative attack (32) .
With the revised DNA isolation procedure, we appear to have eliminated a major oxidation artifact. The estimated 8-OHgua content of DNA is still several times greater than that indicated by the comet assay. It appears to us that a priori the bias must be toward the lower end of the range of values for endogenous damage because it seems unlikely that the mammalian cell, with a complement of appropriate repair enzymes, would tolerate a substantial burden of DNA damage of a kind that is known to be potentially mutagenic. The chemical analytical methods, which involve lengthy DNA isolation and hydrolysis procedures, must be considered as more prone to artifact than the simpler enzymic methods. Both approaches, however, have been applied in population studies and have revealed significant correlations between oxidized bases and aspects of oxidative stress such as radiotherapy, smoking, and antioxidant status (15, 33) . Thus, while we have elucidated the enigma, the discrepancy between different experimental approaches remains to be fully resolved.
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